Abstract-The joint distribution characteristics of size and shape of raindrops directly translate into features of polarization diversity measurements in rainfall. Theoretical calculations as well as radar observations indicate that the three polarization diversity measurements, namely, reflectivity, differential reflectivity, and specific differential propagation phase, lie in a constrained space that can be approximated by a three-dimensional (3-D) surface. This feature as well as the vertical-looking observation of raindrops are used to determine biases in calibration of the radar system. A simple procedure is developed to obtain the bias in the absolute calibration from polarization diversity observation in rainfall. Simulation study as well as data analysis indicate that calibration errors can be estimated to an accuracy of 1 dB.
I. INTRODUCTION
T HE characteristics of polarization diversity measurements in rain are determined by the shape and size distribution of raindrops. The shape of a raindrop is determined by the forces due to the surface tension and hydrostatic and aerodynamic pressures due to airflow around the raindrop. Medium and large raindrops 2 mm in diameter) are nonspherical. The shape of raindrops changes with the size and can be approximately described by an oblate spheroid with the symmetry axis in the vertical direction [1] , [2] , [6] . The properties of the size-shape relationship of raindrops translate directly into features of polarization diversity measurements in rainfall. Theoretical calculation and radar observations suggest that polarization diversity measurements of rain, namely, 1) radar reflectivity factor 2) differential reflectivity , and 3) specific differential phase lie in a limited threedimensional (3-D) space [3] . This constraint can be utilized to study the calibration errors in a multiparameter weather radar [4] .
In principle, it can be stated that the calibration errors in a multiparameter radar can be corrected by enforcing the constraints of observations in rain. However, in practice, the technique to calibrate the multiparameter radar using this selfManuscript received December 9, 1996 ; revised December 16, 1997 . This work was supported in part by the National Group for Defence from Hydrogeological Hazards (CNR, Italy), by Mesoscale Alpine Project (MAP-CNR), and by NSF (ATM-9 413 453).
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consistency procedure is not straightforward and numerous details are important This paper presents the practical procedure to calibrate multiparameter weather radars. The paper is organized as follows. Section II describes the multiparameter radar measurements in rainfall and their self-consistency. In Section III, the issues involved in calibrating differential reflectivity are described. Section IV presents the procedure to correct errors in absolute calibration. Section V summarizes the results of this paper.
II. SELF-CONSISTENCY OF POLARIZATION DIVERSITY OBSERVATION IN RAIN
Cloud models and measurements of raindrop size distribution (RSD) at the surface and aloft show that a gamma distribution model adequately describes many of natural variations in the RSD [5] m mm (1) where is the number of raindrops per unit volume per unit size interval to is the concentration, and is the gamma probability density function (pdf). can be written as (2) where and are parameters of the distribution. The median drop diameter can be obtained in terms of the parameters of the distribution as
The shape of a raindrop can be approximated by an oblate spheroid with the axis ratio given by the empirical relation [6] (4) where is the equivolumetric spherical diameter of a raindrop in millimeters and and are the semimajor and semiminor axis of the raindrop. The radar reflectivity factor of the rain medium can be expressed in terms of the RSD as mm m
where and represent the reflectivity factors and radar cross sections at horizontal (H) and vertical (V) polarizations, respectively, represents the wavelength, and 0196-2892/99$10.00 © 1999 IEEE where is the dielectric constant of water. Similarly differential reflectivity and specific differential phase can be obtained as (6) deg km (7) where and are the forward scatter amplitudes at Hand V-polarization, respectively. Scarchilli et al. [3] have shown that multiparameter radar observations in rain, namely, and , vary over a constrained 3-D space. This constraint enables parameterization of in terms of and as (8) where is the parameterized estimate of is in units , and is in decibels. It should be noted here that indicates an estimate based on and and not from a profile of differential phase measurements. The coefficients and change as a function of the frequency. The values of and at -and -bands are given as follows.
-band (10 cm)
-band (5.5 cm)
Scarchilli et al. [3] have shown that (8) can approximate fairly well in the absence of measurement errors. Thus, we can see that and exist in a constrained 3-D space and (8) represents a 3-D surface approximation of the variability of and In the following section, this self-consistency feature is utilized to study biases in calibration of multiparameter radars.
III. VERTICAL-LOOKING OBSERVATION
OF AND ITS CALIBRATION The shape of raindrops can be approximated by oblate spheroids. Radar and in situ aircraft-based observations show that on average the raindrops are oriented with the symmetry axis in the vertical direction. This implies that the shape of raindrops seen at an elevation angle of 90 is nearly circular. Therefore, measurements performed with the antenna pointing at an elevation of 90 should be 0 dB. There can be deviations from the 0-dB value of due to the following reasons:
1) mean canting angle of raindrops different from zero; 2) ground clutter contribution; 3) system bias given by unequal paths or gains in the Hand V-polarized channels. Items 1) and 2) depend on H-and V-polarization directions (see Fig. 1 ). The average taken over all possible orientations of H-and V-polarizations, with the antenna looking vertical for items 1) and 2), go to zero. However if there is nonzero due to the system bias, it does not change with the different H and V orientations looking vertical. In many radars, the different H and V orientations can be achieved by changing the azimuth positioning over zero to 360 , keeping the elevation angle at 90 . However, the exact procedure depends on the set up of the scanning servo system of the radar. In summary, the average computed with all possible orientations of the polarization states of the radar antenna pointing in the vertical direction should be zero. Any nonzero observation can be directly attributed to the radar system bias between the two polarization channels. In the following, we show the estimation of the system bias using verticallooking data from the NCAR, CP-2 radar, taken over the Kennedy Space Center (KSC), FL, during the Convection and Precipitation/Electrification Experiment (CaPE) [7] . CaPE was conducted in the Central Florida region during the summer of 1991. radar observations were made for several minutes, rotating continuously about the vertical. Based on the observations from Fig. 2 , we can see that it is important to average over full cycles of 360 in azimuth to avoid bias due to the direction-dependent response. The profile was obtained from data below 3.5 km in altitude to stay in rain medium. The same profile was observed at various altitudes, and the estimated mean does not change as a function of height, again confirming that the mean is the system bias. The standard deviation of evaluated from the data was 0.3 dB. The total number of points used in the mean estimates was about 10 000. Therefore, the standard deviation in the estimate of the bias is 0.003 dB.
IV. ABSOLUTE CALIBRATION
The absolute calibration of the radar is important for quantitative application of radar measurements, such as rainfall rate estimation. The absolute calibration of the radar depends on several factors, such as the antenna gain, gain of amplifiers, loss in waveguides, etc. In this section, we describe a procedure for using the properties of the rain medium to obtain absolute calibration of the radar. The backscattered mean power received by the radar from a resolution volume can be written as (10) where is the reflectivity factor, is the range to the volume, and is the radar constant. Accurate knowledge of is very important for estimating from the received power. Typically the radar constant is known within couple of decibels from past calibration. This calibration may drift by a few decibels due to changes in the properties of the various amplifiers and mixers along the line. Invoking the principle of self-consistency, we can estimate the drift in the calibration of the radar constant. In the absence of measurement errors, a scatter diagram of measured and obtained from (8) should lie about a 1:1 line. However, in the presence of a bias in the absolute gain of the radar system, a scattergram of versus will deviate from a 1:1 line. The slope of this scattergram depends on the amount of bias in the absolute calibration, and it can be obtained as a simple expression based on (8) as Bias dB (11) The standard deviation of the bias can be approximated by Bias dB (12) where and are the standard deviation and the mean value of the slope, respectively.
In the following sections, we present theoretical studies as well as simulations that evaluate the accuracy of the calibration procedure.
A. Estimation of the Bias in Calibration
The multiparameter measurements in rainfall, namely, and lie in a constrained 3-D space that can be approximated by a surface given by (8) .
is the slope of the differential phase profile with range and is independent of the calibration of the radar.
is a relative power measurement and can be calibrated fairly accurately, as shown in the previous section. Any bias in the absolute calibration of the radar (error in the assumed radar constant) will result in a biased value of reflectivity. This bias will also produce a discrepancy in the self-consistency of the triplet of multiparameter radar measurements and The principle for obtaining the bias in calibration is fairly straightforward. However, numerous details are important to obtain the bias. Firstly, the measurement error and nature of and are very different. and are power measurements, whereas is derived from , which is the differential phase measurement. and are point measurements, whereas is evaluated over a propagation path. A mean value is evaluated typically over a path of few kilometers in length. The measurement error in depends on the number of the range gates along the path, the range resolution, and the profile of
In this section, we analyze various profiles of and to study the implication on the estimation of bias in calibration. Scarchilli et al. [3] have shown that parameterized profile can be constructed from measurement of and using (8) . Any error in absolute calibration will result in a deviation from the measured profile of where the difference between and will progressively increase with range. The actual profile depends on the value at the starting range bin which is the differential phase due to radar system. Therefore, if is not known accurately, there will be a constant shift between and profiles, even in the absence of any calibration bias. can vary over several degrees within a day, as shown in the histogram of Fig. 3 , where it can be seen that varies by 10 . We note here that this spread of 10 includes spread due to measurement errors [8] . Any technique that matches profiles of and will be affected by uncertainty in the knowledge of initial Therefore, to overcome this problem, the range variation of and profiles is utilized in our analysis.
Finally, we want to point out that important physical factors, such as attenuation and hail contamination, can affect the accuracy of the method. For the calibration purpose, we should avoid using hail-contaminated data because the procedure is strictly for rain medium. As for the issue of attenuation, we can note that, according to (8) , the bias in is equivalent to the bias in as dB (13) Thus, to ensure the accuracy of of 1 dB, we need to have below 0.4 dB at -band and 0.5 dB at -band. The bias due to differential attenuation is proportional to the total differential phase and can be approximated as dB (14) where is 0.0033 and 0.014 dB/km at -and -band, respectively [9] - [10] . Combining (13) and (14), we can obtain the cumulative differential phase corresponding to the bias due to differential attenuation. Using this procedure, we can obtain that when cumulative differential phase at -band reaches 112 , then the bias in due to differential attenuation appears equivalent to 1-dB error in Similar value at -band is 35 . Thus, we see that values have to be corrected for differential attenuation at -band, whereas at -band, it is needed when we use data over a long path, resulting in cumulative of over 112 .
B. Error Structure of and Calibration Bias Estimates
The knowledge of the error structure of and bias is critical to the understanding of accuracy of the calibration procedure. Theoretical estimates of the standard errors in and bias in calibration are obtained in this section for a uniform precipitation path.
When the reflectivity factor is uniform along the rainfall path, we can estimate the mean value of the specific differential phase shift through the least-squares fit procedure as (15) where is the estimate of is the two-way cumulative differential phase shift at the range bin is the mean value of along the path, is the distance of the range bin from the radar, is the average value of the path length, and is the total number of range bins. Assuming where is the range resolution it can be easily shown that (16a) (16b)
Substituting (16) The variance of the estimate (6) becomes [12] (
In each range bin, is the same and can be written [3] We want to point out that, unlike the variance of , the variance of is independent of the range resolution moreover, it decreases slowly by increasing the number of the averaged range bins.
The parameters assumed for the computation of the radar measurement error are as follows: 1) radar frequency 3 GHz; 2) pulse repetition time 1 ms; 3) number of sample pairs 64; 4) Doppler spectrum width 2 m/s; 5) zero lag cross-correlation coefficient 0.99; 6) range resolution 0.3 km. With those assumptions, we obtain the standard deviations in the estimates of and to be 0.7 dB, 0.15 dB, and 1 , respectively. Fig. 4 shows the standard deviation of the estimates and for different values of The value that corresponds to each shown in Fig. 4 was chosen to be the average value of a scatterplot in rainfall [13] . The values corresponding to the reflectivity values 30, 35, 40. 45, 50, and 53 dBZ shown in Fig. 4 are 0.9, 0.95, 1.3, 1.6, 1.9, and 2.0 dB, respectively. We need to note here that the standard deviation of does not change with reflectivity. Figs. 5 and 6 show the fractional standard error (FSE) in the estimates and as a function of number of range bins over which the least-squares estimates are computed. It should be noted here that the various curves in Fig. 5 correspond to the same pair shown in Fig. 4 . The slope of the scatter diagram between and is utilized to estimate the bias in calibration. The least-squares estimate of the slope of a scattergram between the estimates and is given by (26) where is the number of the estimates. The variance in the estimate of the slope can be written as (27) where is the correlation between the estimates of and [14] . The value of is very close to unity, typically of the order of 0.99, as shown through simulation in the next section. It can be seen from Fig. 4 that the ratio of the standard deviation of the two estimates commonly takes values between 0.1 and two. Therefore, the standard deviation of can be approximated to be 0.3/ Thus, if we take about 100 estimates of and in moderate to heavy rain, the bias can be estimated to an accuracy of about 0.1 dB. We need to note here that this estimate of accuracy in bias will vary depending on the accuracy of the two estimates, which in turn depend on the path length over which and are estimated. Nevertheless, this first approximation provides an idea about the accuracy of the slope estimate.
C. Simulation Study of Rain Profiles
The various range profiles of and are constructed by simulation with the following characteristics: 1) total path length of 90 km; 2) range resolution 300 m; 3) gradients of reflectivity in range vary between 0.5 and 50 dB/km; 4) maximum reflectivity along the path is less than 55 dBZ. The reflectivity profile of the precipitation path is constructed such that, when the reflectivity is equal to 55 dBZ or drops below 0 dBZ, the direction of the gradient is changed. Once the reflectivity is fixed at a range resolution volume, the parameters of the RSD, namely, and , are chosen randomly under the constraint that the RSD yields the current reflectivity value in the range resolution cell. Subsequently, the values of and are computed for the range location. This procedure yields a wide variety of range profiles of and so that the technique to evaluate calibration bias can be tested under all conditions. The value of over range is computed from as where is the range resolution. Once the mean values of and are fixed at each range resolution cell, the radar estimates with measurement error are simulated using the procedure given by Chandrasekar et al. [15] . Fig. 7 shows sample profiles of and that are used in the simulation. There are several ways to compare the true and parameterized values of However, practical constraints, such as error structure and range cumulative nature of differential propagation phase measurements, restrict the possibilities. In our analysis, is estimated as the slope of the range profile of to minimize its standard error. This procedure has advantages and disadvantages. Using a least-squares fit to the profile, we can estimate accurately in the case of a fairly long path (at least 15-20 range gates). However, when the path over which the least-squares fit is done becomes long, cannot be uniform anymore within the path and the estimates are affected by gradients. When there are gradients in the path over which is estimated, a bias is introduced in the estimate [16] . In the context of estimating bias in the calibration of the radar system, even small errors in the estimate of can be significant. To circumvent this problem, we apply an identical least-squares estimate to the parameterized profile. Therefore, an average estimate over the path is obtained performing a least-squares fit to the profile. This procedure is adopted so that if there is a bias in the estimate of due to gradients in the path, the same bias will be there in the estimate of Thus, any difference between and will be due only to the bias in absolute calibration of the radar. Fig. 8 shows the scatterplot between the estimates of and obtained as slopes of and profiles, respectively. The various points correspond to the different paths considered in our simulation study. We can see that the scatter between the two estimates lies about at 45 The slope of the scatter is 0.996, and the standard deviation in the estimate of the slope is 0.007. This slope corresponds to a bias of 0.02 dB. We can see that the accuracy of slope and bias estimates obtained from simulation are in the approximate range given theoretically from (27). Fig. 9 shows a similar scatterplot, except that the simulation includes a calibration bias of 1 dB. The estimated slope of the scatter in Fig. 9 is 0.7926, corresponding to a bias of 1.05 dB. The accuracy of the bias estimate depends on several factors, such as accuracy in measurements of and path length in estimation of and the number of data points in the scattergram of and estimates. Based on our simulations, it appears that, if we have sufficient data points for at least 100 estimates of we can estimate the bias in the absolute calibration to an accuracy of a few tenth of 1 dB. One important point to be noted here is the success of this procedure depends on obtaining many accurate estimates of over various paths. Therefore, data from light rain (where there is not significant ) should not be used in the calibration data set. A large amount of data from moderate to heavy rain mm h will be very useful.
D. Data Analysis
Data collected during the CaPE experiment is used to validate the calibration procedure developed in this paper. During the later part of the CaPE experiment, the NCAR CP-2 radar was equipped with an auxiliary signal processor developed at Colorado State University to obtain differential phase measurements in addition to and Table I shows the main features of the CP-2 radar that are relevant to this paper. Fig. 10 shows a typical range profile of radar data used in the analysis. Fig. 11 shows the scatterplot between and estimates for data collected on September 29, 1991, and estimates has a deviation away from 45 line that corresponds to a bias of 1.1 dB. Data collected over a long time during the day have shown the stability of the results. This bias determined from data was eventually traced to changes in system component characteristics in the radar.
V. SUMMARY AND CONCLUSION
The properties of shape and size distribution of raindrops translate into features of polarization diversity measurement. Polarization diversity observations in rain, namely, reflectivity, differential reflectivity, and specific differential propagation phase, lie in a constrained 3-D space. This self-consistency feature has been used to evaluate biases in the absolute calibration of the radar. In addition, vertical-looking observations in rainfall with antenna rotating about the vertical axis have been used to calibrate measurements. The selfconsistency feature of polarization diversity measurements are Fig. 11 . Scatterplot between the estimatesK DP andK 3 DP obtained as slopes of 8 DP and 8 3 DP
; respectively. Radar data were collected on September 29 1991, by CP-2 during the CaPE experiment.
used to parameterize as a function of reflectivity and differential reflectivity. Subsequently, this parameterized is compared against directly measured to evaluate the bias in the absolute calibration of the radar. Multiparameter radar measurements over a large number of precipitation paths were simulated to evaluate the feasibility of the procedure developed in this paper to estimate the bias in absolute calibration. Theoretical analysis as well as simulation study were used to demonstrate the sensitivity of the slope of scattergram between the estimates of (involving selfconsistency principle) and measured to biases in absolute calibration. A simple expression is provided to estimate the absolute calibration bias from the slope of the scattergram between and estimates. The calibration procedure developed in this paper was applied to multiparameter radar data from CaPE experiment to evaluate the radar system bias. Data analysis and simulation study presented in this paper show that absolute calibration biases can be estimated to an accuracy less than 1 dB. The actual accuracy depends on several factors, such as accuracies of and measurements, path lengths over which is computed from as well as the number of data points used in the estimates of and One important point to note here is that, to obtain good estimates of bias in absolute calibration, significant accumulation over the range profile has to be utilized. Data from light rain will not be sufficient to achieve this goal. Extensive data sets from moderate to heavy rainfall mm h are needed to apply this procedure successfully.
